Iron-sulfur (Fe-S) clusters are cofactors in hundreds of proteins involved in multiple cellular processes, including mitochondrial respiration, the maintenance of genome stability, ribosome biogenesis and translation. Fe-S cluster biogenesis is performed by multiple enzymes that are highly conserved throughout evolution, and mutations in numerous biogenesis factors are now recognized to cause a wide range of previously uncategorized rare human diseases. Recently, a complex formed of components of the cytoplasmic Fe-S cluster assembly (CIA) machinery, consisting of CIAO1, FAM96B and MMS19, was found to deliver Fe-S clusters to a subset of proteins involved in DNA metabolism, but it was unclear how this complex acquired its fully synthesized Fe-S clusters, because Fe-S clusters have been alleged to be assembled de novo solely in the mitochondrial matrix. Here, we investigated the potential role of the human cochaperone HSC20 in cytosolic Fe-S assembly and found that HSC20 assists Fe-S cluster delivery to cytosolic and nuclear Fe-S proteins. Cytosolic HSC20 (C-HSC20) mediated complex formation between components of the cytosolic Fe-S biogenesis pathway (ISC), including the primary scaffold, ISCU1, and the cysteine desulfurase, NFS1, and the CIA targeting complex, consisting of CIAO1, FAM96B and MMS19, to facilitate Fe-S cluster insertion into cytoplasmic and nuclear Fe-S recipients. Thus, C-HSC20 integrates initial Fe-S biosynthesis with the transfer activities of the CIA targeting system. Our studies demonstrate that a novel cytosolic pathway functions in parallel to the mitochondrial ISC to perform de novo Fe-S biogenesis, and to escort Fe-S clusters to cytoplasmic and nuclear proteins.
Introduction
In addition to their known importance in mitochondrial respiration, iron-sulfur (Fe-S) clusters are irreplaceable cofactors in several DNA processing enzymes, including the DNA helicase XPD and its associated family members that act in DNA replication and repair (1) (2) (3) (4) (5) . Among the emerging roles of Fe-S clusters in maintaining genome stability is their proposed ability to function as redox sensors, which enables Fe-S repair enzymes to probe DNA integrity and localize sites of DNA damage through electron transfer reactions, and to regulate the binding of DNA primases and polymerases (6, 7) .iron donor or allosteric effector, frataxin (9) (10) (11) . Upon assembly of a nascent (Fe 2 -S 2 ) cluster, the scaffold protein ISCU binds to a highly conserved J-protein (also known as cochaperone), known as HscB in bacteria, Jac1 in yeast and HSC20 in human, and to an HSP70 chaperone, known as HscA in bacteria, Ssq1 in yeast and HSPA9 in human (12) (13) (14) (15) . The ATP-driven conformational change of the HSP70, activated by the cochaperone, enhances transfer of the ISCU-bound cluster to recipient apoproteins or to secondary scaffolds that then deliver the cluster to specific subsets of final acceptors (13) .
In Saccharomyces cerevisiae, the cysteine desulfurase Nfs1 is present in mitochondria (16) and in the nucleus (17) , whereas other ISC components have previously been detected exclusively in mitochondria (18, 19) , leading to the proposal that de novo Fe-S cluster assembly occurs only in the mitochondrial compartment, whereas assembly of extra-mitochondrial Fe-S cofactors requires export of a sulfur-containing compound from the mitochondrial matrix to the cytosol (8, 16) . Importantly, the core mammalian ISC components have been previously identified not only in the mitochondrial matrix, but also in the cytosol and nucleus (14, 15, (20) (21) (22) (23) (24) (25) , suggesting that Fe-S cluster biogenesis machineries may independently operate in parallel to generate nascent Fe-S clusters in the subcellular compartments of multicellular eukaryotes. Cytosolic NFS1 (C-NFS1) is an active cysteine desulfurase, which is integral to the process of sulfur mobilization for molybdenum cofactor (MoCo) biosynthesis and tRNA thiolation (17, (26) (27) (28) (29) . C-NFS1 was also previously found to form a complex with the cytosolic isoform of the main scaffold protein, ISCU1. Cytosolic ISCU (named ISCU1) is an alternative isoform generated by the same ISCU gene that encodes mitochondrial ISCU (named ISCU2). ISCU1 lacks the mitochondrial targeting sequence and localizes to the cytosol (30) .
HSC20 is the sole human cochaperone dedicated to Fe-S cluster biogenesis (14) . Mutations in HSC20 and in its orthologs cause defects in Fe-S protein activities, mitochondrial iron accumulation, and reduced mitochondrial respiration in human cell lines (14, 31) , and in multiple experimental systems, including yeast (32, 33) and fly (34) . The importance of Fe-S biogenesis for human health is well established, as mutations that affect proteins involved in the pathway cause several distinctive human diseases (9, 35) . HSC20 is an essential Fe-S biogenesis factor that has also been detected in the cytosol of mammalian and plant cells (14, 15, 36) . In mitochondria, HSC20 directly binds consensus sequences known as LYR (Leucine-Tyrosine-Arginine) motifs to assist biogenesis of the respiratory chain complexes I-III (15, 31) .
Biogenesis of cytosolic and nuclear Fe-S proteins depends on the coordination of the ISC and CIA biogenesis machineries. In 2012, two independent studies demonstrated that the highly conserved HEAT repeat protein MMS19, in complex with CIAO1 (also known as WDR39 or Cia1 yeast) and FAM96B (also known as MIP18), was required for Fe-S transfer to enzymes involved in DNA metabolism (37, 38) . However, the mechanism by which the CIA complex acquires and facilitates transfer of Fe-S clusters has remained unclear. Elucidating the pathway that underlies biogenesis of cytosolic and nuclear Fe-S enzymes may illuminate mechanisms of diseases associated with genome instability (39) (40) (41) , in addition to providing insights into fundamental aspects of Fe-S protein assembly.
In the present study, we investigated the potential role of the cochaperone HSC20 in the biogenesis of Fe-S clusters in the cytosolic compartment of mammalian cells. Using a combination of proteomic and functional approaches, we found that cytosolic HSC20 (C-HSC20) promotes activity of a de novo Fe-S biogenesis pathway (ISC) that functions in parallel to the welldescribed mitochondrial pathway. C-HSC20 mediated complex formation between the ISC and the CIA machineries by directly binding to the scaffold protein ISCU1 of the ISC system and to CIAO1 of the CIA targeting complex, to bridge the nascent ISC pathway with the CIA Fe-S transfer platform built around CIAO1. Here, we have demonstrated that formation of a large ISC/CIA multi-protein complex is required for Fe-S cluster insertion in multiple proteins involved in DNA metabolism, ribosome biogenesis and translation. In the absence of HSC20 or upon expression of a dominant negative mutant of the cytosolic isoform of the main scaffold ISCU1, failure to transfer Fe-S clusters to target cytosolic and nuclear proteins resulted in loss of activity and stability of Fe-S enzymes. Our studies establish that C-HSC20 is indispensable for cytoplasmic Fe-S assembly and delivery, which is initiated de novo in the cytosol.
Results
The crosstalk between the cytosolic ISC and CIA machineries occurs through the physical interaction of their core components, which is mediated by C-HSC20
To identify interacting partners of C-HSC20 and gain insights into the function of the cochaperone in the cytosol of mammalian cells, we performed mass spectrometry (MS) analysis on the eluates after immunoprecipitation (IP) of endogenous HSC20 from cytosolic fractions isolated from HEK293 cells. Only proteins that specifically co-purified with HSC20 in the IP with anti-rabbit HSC20 antibody and not in the negative control (anti-rabbit IgG) were considered for further analysis and are listed in Supplementary Material, Figure S1A . C-HSC20 corresponded to the full-length protein (residues 1-235 of HSC20), as several peptides identified by MS covered the N-terminal sequence of the cochaperone (Supplementary Material, Fig. S1A ), which has previously been designated as a mitochondrial targeting sequence that is cleaved upon mitochondrial uptake. Our findings are consistent with the increased MW of C-HSC20 compared to the mature processed mitochondrial HSC20 (Fig. 1A, top panel) , and demonstrate that C-HSC20 is a distinct isoform of the cytosolic compartment ( Fig. 1A and Supplementary Material, Fig. S1A and B). Among the interacting partners of C-HSC20 identified by MS were core components of the ISC machinery, consisting of the chaperone HSPA9 and the scaffold ISCU, along with several known CIA proteins, including CIAO1, MMS19 and FAM96B, the P-loop NTPase NUBP2, GLRX3 and BOLA2, which are thought to function as Fe-S intermediate carriers (42) , and CIAPIN1, which is proposed to be part of the electron transfer chain of the CIA system (43) . Moreover, several recipient Fe-S proteins were identified as HSC20 interacting partners, such as ABCE1, which plays a crucial role in ribosome biogenesis and translation, PPAT, involved in purine biosynthesis, and several enzymes involved in DNA metabolism (ERCC2, DDX11, POLD1, POLE, PRIM2, CDKAL1, ELP3, CPSF30) (Supplementary Material, Fig. S1A ). We validated multiple putative interacting partners of C-HSC20 by coimmunoprecipitation (co-IP). Reciprocal co-IP experiments confirmed that C-HSC20 interacted with the components of the targeting complex, CIAO1, MMS19, FAM96B, and with the recipient Fe-S proteins POLD1 and ELP3 (Fig. 1A) . To further analyze the network of interactions revealed by the MS analysis and characterize distinct molecular complexes containing C-HSC20 and its interacting partners, we immunoprecipitated FLAG-tagged C-HSC20 and performed two-dimensional gel electrophoresis (2D denaturing PAGE), after resolving individual multimeric cytosolic complexes by native PAGE (1D Native). We demonstrated that C-HSC20 interacted with its cognate chaperone HSPA9, with the CIA complex formed of CIAO1, FAM96B and MMS19, and with the Fe-S proteins dihydropyrimidine dehydrogenase (DPYD), ERCC2 and ELP3 (Fig. 1B) , as shown by the colocalization of these proteins in the same immunopurified complexes containing C-HSC20. Reciprocal co-IP of V5-tagged CIAO1 further confirmed the interaction with C-HSC20 (Fig. 1C) . Notably, endogenous CIAO1 coimmunoprecipitated with CIAO1-V5 in the complex close to the 720 kDa marker (Fig. 1C) , indicating that more than one CIAO1 molecule was present in this large multimeric complex.
Mutagenesis of a zinc-finger like dimerization motif at the N terminus of C-HSC20 abrogated binding to the Fe-S biogenesis complexes and to Fe-S recipients
We previously reported that HSC20 has the ability to dimerize in the mitochondrial compartment of mammalian cells (15) . We found that FLAG-tagged C-HSC20 co-immunoprecipitated endogenous C-HSC20 (Fig. 1B , complexes at 242 and 720 kDa) and we sought to further investigate the physiological relevance of the dimerization of C-HSC20. The human cochaperone has two unique Cys-xx-Cys modules (consisting of Cys41, Cys44, Cys58 and Cys61), which coordinate zinc at the N terminus (44) . Zinc-binding domains are known to mediate dimerization of several proteins (45) . Upon mutagenizing residues of the Lower panel, IP of stably expressed CIAO1-V5 from cytosolic fractions, followed by IBs to CIAO1, HSC20, MMS19, FAM96B and the Fe-S proteins ELP3 and POLD1.
(B) Anti-FLAG IP of HSC20-FLAG from cytosolic fractions. Native/2D-SDS-PAGE analysis was performed on the competitively eluted complexes, followed by IBs to HSC20, HSPA9, CIAO1, FAM96B, MMS19, and the Fe-S proteins DPYD, ERCC2 and ELP3. (C) IP of CIAO-V5 was performed on cytosolic fractions from cells stably expressing CIAO1-V5. Competitively eluted complexes were subjected to native followed by 2D-SDS-PAGE analysis. IBs to CIAO1, HSC20, FAM96B and MMS19 were performed to identify components of multimeric complexes. (D) Cytosolic fractions from cells stably expressing HSPA9-V5 and transiently cotransfected with HSC20 (without a C-terminal FLAG tag) and either with FLAG-tagged HSC20 wild-type (WT), or the mutants of the N-terminal cysteine residues, as indicated, were subjected to anti-FLAG IPs. Eluates were analyzed for the presence of HSC20, HSPA9, CIAO1, FAM96B, MMS19, and the Fe-S proteins DPYD, GLRX3, ERCC2, and POLD1 (A-D, n ¼ 5 biological replicates). See also Supplementary Material, Figure S1 .
zinc-binding domain of HSC20, we found that substitution of a pair of cysteines with serines in the two CxxC modules (in HSC20 C41/44S or HSC20 C58/61S
) or mutagenesis of all four cysteines into serines in HSC20 4CYS abolished the dimerization of HSC20 (Fig. 1D , top panel) and concomitantly disrupted its interactions with its cognate chaperone HSPA9, identified in our MS analysis, and also with the CIA complex, as well as with the Fe-S recipients DPYD, GLRX3, ERCC2 and POLD1 (Fig. 1D) , indicating that dimerization of C-HSC20 is crucial for establishing the network of interactions that we have reported here.
De novo Fe-S cluster assembly occurred in the cytosol of mammalian cells
One of the most relevant and controversial questions on Fe-S cluster biogenesis in the cytosol of mammalian cells pertains to the identity of the main scaffold protein upon which the cluster is assembled. In our MS data, we found that C-HSC20 interacted with ISCU1, the cytosolic isoform of the main scaffold upon which the cluster is initially assembled. In most model systems, de novo assembly of the cluster on ISCU requires that the cysteine desulfurase NFS1 interact directly with the primary scaffold. A cytosolic isoform of the cysteine desulfurase NFS1 (C-NFS1), previously identified in mammalian cells (20) , was found to be generated by initiation of translation at the second in-frame AUG of the NFS1 transcript. C-NFS1 lacks the first 60 amino acid residues of the mitochondrial precursor form, and resides in both the cytosol and nucleus (20) . Therefore, we characterized interactions of C-NFS1 by performing IP of endogenous C-NFS1 on cytosolic fractions from HEK293 cells. Several C-NFS1 binding partners were identified in eluates using MS (Supplementary Material, Fig. S2A ).
C-NFS1 binds to components of the ISC and CIA machineries in multimeric cytosolic complexes
We found that C-NFS1 interacted with the main scaffold ISCU, with C-HSC20, with HSPA9, CIAO1, FAM96B, and with several Fe-S proteins, including ELP3, GLRX3, BOLA2, ABCE1, PRIM2, PPAT, POLD1 and DDX11 in three independent IP experiments followed by MS analyses (Supplementary Material, Fig. S2A ). Interestingly, the fatty acid synthase FASN was a C-NFS1 interacting partner (Supplementary Material, Fig. S2A and B). Co-IP experiments confirmed that FASN interacted with endogenous C-NFS1 (Supplementary Material, Fig. S2C ), as well as with FLAG-tagged C-NFS1 (C-NFS1-F) (Supplementary Material, Fig. S2D ). Mammalian FASN is a single, multifunctional polypeptide, which contains an ACP domain (46) . The interaction of C-NFS1 with FASN is intriguing, as the ACP has been recently characterized as an integral component of the active cysteine desulfurase complex in mitochondria (11, (47) (48) (49) . We also identified the adenylyl-and sulfur-transferase MOCS3 and the Ubiquitin-related modifier 1 (URM1), as C-NFS1 interacting partners by MS (Supplementary Material, Fig. S2A ), and we validated these interactions by co-IP (Supplementary Material, Fig. S2D ). MOCS3 is involved in MoCo biosynthesis, and URM1 in tRNA thiolation. Our results are consistent with previous studies that described a novel role of C-NFS1 as a sulfur donor enzyme for MoCo biosynthesis and tRNA thiolation (26, 50) , and reveal that a physical interaction between C-NFS1 and MOCS3 or URM1 is required for these essential biological pathways. ISD11, a protein critical for the function of the cysteine desulfurase complex in eukaryotes, was not identified in our MS data as an interacting partner of C-NFS1 at the false discovery rate (FDR) of 1% set in our analyses. However, when the FDR was increased to 2%, ISD11 was present in all three independent IPs of C-NFS1 analyzed by MS, but not in the negative controls (anti-mouse IgG), consistent with previous studies that demonstrated the interaction between C-NFS1 and ISD11 (21, 26) .
To confirm the protein interaction data obtained by MS and assess activities of the Fe-S cluster biogenesis machinery in the cytosol, we generated two stable cell lines that expressed either wild-type cytosolic ISCU1, or a dominant negative mutant that is expected to interfere with Fe-S assembly, ISCU1 D46A , under the control of a doxycycline-inducible promoter. Asp46 of human cytosolic ISCU1 corresponds to Asp71 of the mitochondrial isoform ISCU2. Substitution of this highly conserved Asp residue into Ala in bacteria was found to impair transfer of nascent Fe-S clusters from IscU to downstream recipients (51) (52) (53) . Upon induction of expression of the ISCU1 D46A mutant for 24 or 48 h, we detected a significant reduction in the levels of POLD1, ELP3 and ERCC2 proteins ( Fig. 2A and Supplementary Material, Fig. S2E ), which is consistent with previous observations that Fe-S apoproteins often undergo degradation when they fail to acquire their Fe-S prosthetic groups (15, 54, 55) .
We tested the ability of ISCU1 to interact with components of the Fe-S biogenesis machinery by performing IPs of wild-type ISCU1 or the D46A mutant expressed for 16 h, and analyzing the eluates either by traditional Sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot ( Fig. 2B ), or by native PAGE followed by 2D-SDS-PAGE (Fig. 2C) . We found that wild-type ISCU1 interacted with endogenous C-NFS1 and with C-HSC20, with the components of the CIA targeting complex, and with Fe-S recipients ( Fig. 2B and C); conversely, ISCU1
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-MYC interacted strongly with C-NFS1, but binding to HSC20, CIAO1, MMS19, POLD1 and ERCC2 was almost undetectable ( Fig. 2B and E). 55 Fe-radiolabeling of cells expressing ISCU1 wild-type or the D46A mutant showed that ISCU1 D46A retained high amounts of radiolabeled iron, whereas wild-type ISCU1-MYC did not (Fig. 2E) . 55 Fe incorporation into POLD1
decreased significantly in cells that expressed ISCU1
( Fig. 2F ). Our data are consistent with previous studies on the mutated orthologs of ISCU, which similarly showed stabilization of the cluster on ISCU and impaired transfer to Fe-S recipients (51) (52) (53) . Overall, these results demonstrated that ISCU1 was able to ligate a cluster, and function as a cytosolic scaffold protein, from which the cluster was subsequently transferred to recipient Fe-S proteins by the HSC20/HSPA9 complex.
C-HSC20 mediated formation of a large ISC/CIA multiprotein complex, which contained core components of the two machineries, along with Fe-S recipients
In our MS analysis, C-HSC20 appeared to play a central role in cytosolic Fe-S biogenesis, as it was found to bind components of the ISC and CIA machineries, as well as several S3C ). Native IBs on cytosolic fractions from control or C-HSC20-KO cells revealed that the CIA targeting complex was able to assemble even in the absence of HSC20, though to a lesser extent compared with control cells (Fig. 3B , complex labeled CIA at 240 kDa). The C-NFS1/ISCU1 interaction was stabilized in the C-HSC20 KO cell clone (Fig. 3A , complex labeled C-ISC), consistent with the notion that the cochaperonechaperone system facilitates release of the nascent cluster from ISCU1 for transfer to recipient proteins, and that the cluster that was initially synthesized remained trapped on ISCU1 in the absence of HSC20. A cytosolic complex of apparent MW of 720 kDa contained the cytosolic ISC core proteins (C-ISC), ISCU1, NFS1, HSC20 (Fig. 3A , complex labeled C-ISC/CIA), the CIA targeting components, CIAO1, FAM96B, MMS19 (Fig. 3B , complex labeled C-ISC/ CIA), along with recipient Fe-S proteins, including POLD1, ELP3, DPYD (Fig. 3C , complex labeled C-ISC/CIA). Interestingly, the C-ISC/CIA complex failed to assemble upon KO of HSC20 (Fig. 3A-C) , indicating that C-HSC20 was required to merge the CIA and the cytosolic ISC components into a single complex of $720 kDa during cytosolic Fe-S cluster biogenesis. Resolution of the native cytosolic complexes in the second dimension by SDS-PAGE confirmed that C-HSC20 was essential for formation of the ISC/CIA complex at 720 kDa, whereas the CIA targeting components CIAO1, FAM96B, MMS19 moderately assembled in the absence of C-HSC20 in the complex at $242 kDa (compare Fig. 3D , control, and E, HSC20-KO). We next performed functional assays to test the effect of KO of HSC20 on 55 Fe incorporation into POLD1 and on the activity of DPYD. We found that levels of 55 Fe levels into POLD1 were dramatically reduced upon KO of HSC20 (Fig. 3F) . DPYD activity was also severely compromised in the absence of HSC20 (Fig. 3G and Supplementary  Material, Fig. S3E ). Interestingly, 55 Fe labeling of the main scaffold protein ISCU1 was increased upon KO of HSC20, consistent with the role of the cochaperone in facilitating cluster transfer from ISCU1 to downstream recipients (Supplementary Material, Fig. S3D ).
The LYR motif of CIAO1 is required for the interaction with HSC20
We sought to understand how C-HSC20 bridged the ISC and the CIA machineries to form the 720 kDa complex during cytosolic Fe-S cluster biogenesis. Highly conserved residues in the C terminus of mitochondrial HSC20 were reported to mediate its interaction with ISCU2 (15, 56) and they are likely involved in recruiting the C-NFS1/ISCU1 complex through direct binding to conserved residues on ISCU1 (Supplementary Material, Fig. S4A ). We previously reported that HSC20 is able to bind proteins that contain the Leu Tyr Arg (LYR) sequence to assist Fe-S cluster transfer to recipients (15, 31, 54) . The putative LYRbinding pocket maps to the C terminus of HSC20 and the residues involved in binding LYR-containing peptides are independent from the ISCU binding residues of HSC20, though in (Fig. 4B) . We found that replacement of L 176 Y 177 R 178 of CIAO1 into triple alanines was sufficient to abolish binding to HSC20 (Fig. 4B) .
In vitro pull-down assays of 35 S-labeled CIAO1 wild-type or of the different LYR mutants, in the presence of HSC20 confirmed that the canonical L 176 Y 177 R 178 sequence of CIAO1 was the major molecular mediator of the direct physical interaction with HSC20 (Fig. 4C) . Substitution of the LYR-like sequence I 87 W 88 K 89 of CIAO1 into alanines did not affect binding to C-HSC20, consistent with the fact that L 176 Y 177 R 178 mediated the CIAO1/C-HSC20 interaction (Fig. 4C) Fe-S client in Fig. 4D-F) . The inability of the L 176 Y 177 R 178 mutant of CIAO1 to interact with C-HSC20 led to the unusual migration of the mutant in a complex with lower MW compared with wild-type CIAO1 (compare Fig. 4F to E).
Transfer of Fe-S clusters to a subset of cytoplasmic and nuclear proteins was not mediated by NUBP1 and NUBP2
Our proteomic and biochemical data implied that the scaffold protein ISCU1 was essential for de novo Fe-S cluster biogenesis in the cytosol on the basis of its interactions with C-NFS1, C-HSC20 and the CIA targeting complex, and on functional studies with the dominant negative mutant ISCU1
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. Therefore, we decided to interrogate the role of a cytosolic complex, composed of NUBP1 and NUBP2 dimers, which was previously proposed to function as the primary scaffold in cytosolic Fe-S biogenesis (57, 58) . We found that effective knock down (KD) of NUBP1 or NUBP2 for 6 days had no significant effect on the activity of cytosolic aconitase (ACO1) or on the stability of several Fe-S proteins tested (i.e. ERCC2, CIAPIN1, GLRX3, POLD1, PPAT) (Fig. 5A and B and Supplementary Material, Fig. S5A and B). Interestingly, 55 Fe incorporation into NUBP2-V5 was significantly diminished upon KO of HSC20, whereas it was not affected by KD of CIAO1 (Fig. 5C) , consistent with previous studies that showed that NUBP1 and NUBP2 acted upstream of the CIA targeting complex and did not interact with its components (57) (58) (59) (60) . Formation of the NUBP1/NUBP2 complex was also significantly decreased upon KO of HSC20 (Fig. 5E, crRNA HSC20 ). Our data confirmed that NUBP1 and NUBP2 did not interact with the CIA targeting complex. Additionally, we found that NUBP2 depended on HSC20 to acquire its Fe-S cluster (Fig. 5C) . 55 Fe incorporation into POLD1 was unchanged upon KD of NUBP1 or NUBP2 ( Fig. 5F and Supplementary Material, Fig. S5C ), whereas it was markedly reduced upon KO of HSC20 ( Fig. 5F and Supplementary Material, Fig. S5C ). DPYD activity was also unaffected by KDs of NUBP1 or NUBP2, whereas it was significantly decreased upon KD of CIAO1 ( Fig. 5G and Supplementary Material, Fig. S5D ). Because KO of HSC20 by CRISPR is more efficient than the si-RNA mediated KDs of NUBP1 and NUBP2, Figure 5 . A pathway to transfer nascent clusters to a subset of cytoplasmic and nuclear proteins was identified, which was not mediated by the NUBP1/NUBP2 complex.
(A) Total lysates after 6 days of KD of NUBP1 and NUBP2 were assayed for in-gel aconitase activities (ACO2 is mitochondrial aconitase, ACO1 is cytosolic aconitase), or analyzed by western blot to assess efficiency of KD of NUBP1 and NUBP2, and levels of CIAO1, MMS19, iron-regulatory proteins IRP1 and IRP2, and transferrin receptor TFRC. Tubulin (TUB) was used as a loading control (NT si-RNAs, nontargeting si-RNAs). (B) Cytosolic fractions after 6 days of KD of NUBP1 or NUBP2 were analyzed by western blot to check levels of NUBP1, NUBP2, CIAO1, FAM96B, MMS19, and the Fe-S proteins ERCC2, CIAPIN1, GLRX3, POLD1 and PPAT. (C) 55 Fe incorporation into NUBP2-V5 upon KD of CIAO1 (si-CIAO1) or KO of HSC20 (crRNA HSC20). (crRNA NT CTRL is a scramble CRISPR RNA used as negative control). Only KO of HSC20 significantly reduced 55 we compared the effects of KD of NUBP1, NUBP2 or HSC20 for 6 days on the levels of radioactive iron incorporated into POLD1. We found that 55 Fe incorporation into POLD1 was unchanged upon KD of NUBP1 or NUBP2 (Fig. 5F and Supplementary Material, Fig. S5C ), whereas it was markedly reduced upon KD of HSC20 (Supplementary Material, Fig. S5E ), suggesting that NUBP1/2 were not involved in the biogenesis of the Fe-S prosthetic group of POLD1. Overall, these data suggest that NUBP1 and NUBP2 are not involved in the biogenesis of Fe-S clusters for either cytosolic aconitase (ACO1, Fig. 5A and Supplementary Material, Fig. S5A and B) , POLD1 ( Fig. 5F and Supplementary  Material, Fig. S5C) or DPYD (Fig. 5G and Supplementary Material,  Fig. S5D ). Our results are in contrast with the proposed role of NUBP1/NUBP2 as the main scaffold complex from which all cytosolic and nuclear Fe-S proteins acquire their clusters (57) (58) (59) . In previous reports that examined the effect of KD of NUBP1 or NUBP2 on cytosolic aconitase activity, cells were retransfected multiple times with si-RNAs and grown for up to 9 or 15 days to see a significant effect on ACO1 activity or on protein levels of PPAT (58, 61) . In our studies, we obtained efficient knockdowns of NUBP1 and NUBP2 after only 3 days from the initial si-RNA-mediated transfections, with undetectable levels of the two proteins in western blot (data not shown). We analyzed the effects of KDs of NUBP1 and NUBP2 after 6 days from the initial transfection (cells were retransfected overall twice with si-RNAs in the 6-day period), when the levels of NUBP1 and NUBP2 had been effectively depleted (as the proteins were undetectable by western blots in Fig. 5A and B) , without incurring the general cellular morbidity caused by KDs prolonged for 9 or 15 days. We did not find significant changes in the activity, stability or iron incorporation of the Fe-S proteins tested (Fig. 5A, B , F and G and Supplementary Material, Fig. S5A-E) . Conversely, KD of HSC20 over the same time period significantly decreased iron incorporation into POLD1 (Supplementary Material, Fig. S5E ). The studies that favor the role of NUBP1/NUBP2 as the main cytosolic scaffold complex failed to explain how Fe-S clusters are transferred from these two P-loop NTPases to the CIA targeting complex and ultimately to recipient Fe-S proteins, given the vulnerability of Fe-S clusters to oxidative damage, which requires that Fe-S clusters remain ligated and protected during all the steps of the biogenesis process. On the basis of the data presented here, we propose that a de novo Fe-S biogenesis pathway operates in the cytosol of mammalian cells to assemble, escort and deliver Fe-S clusters to cytoplasmic and nuclear Fe-S proteins. The cytosolic ISC machinery consists of cytosolic isoforms of the main components that function in mitochondria and relies on the cochaperone HSC20 for recruiting the CIA targeting complex during cytosolic Fe-S cluster biogenesis.
Discussion
In the present study, we investigated the potential role of the cochaperone HSC20 in the biogenesis of Fe-S clusters in the cytosol of mammalian cells. By using a combination of proteomic and biochemical approaches, we identified a cytosolic pathway analogous to the mitochondrial biogenesis pathway by which HSC20 facilitates Fe-S cluster transfer to cytoplasmic and nuclear recipients. The cytosolic Fe-S biogenesis pathway relies on the initial assembly of the nascent cluster on ISCU1 (Fig. 6,  step 1) , by the coordinated action of a multimeric complex in which the cytosolic isoform of the cysteine desulfurase, C-NFS1, is the enzyme that mobilizes sulfur for initial cluster formation on ISCU1. The HSC20/HSPA9 cochaperone/chaperone system interacted with ISCU1 (Fig. 6, step 3 ) and appeared to facilitate direct cluster transfer to a subset of cytosolic Fe-S proteins, including NUBP1, NUBP2 and GLRX3 (Fig. 6, step 4a) . Alternatively, a subset of Fe-S proteins involved in DNA metabolism acquired their clusters through the action of a large multisubunit C-ISC/CIA complex (Fig. 6, step 4b ). In the CIA-mediated Fe-S transfer mechanism, C-HSC20 bridged components of the initial biogenesis pathway, ISCU1, NFS1, HSPA9, to the CIA targeting complex, consisting of CIAO1, FAM96B and MMS19 into a 720 kDa ISC/CIA multiprotein complex. Functional assays demonstrated that in the absence of C-HSC20, several Fe-S proteins, including POLD1, DPYD, NUBP2, ERCC2, ELP3 and PPAT failed to acquire their clusters. Similarly, we detected that the levels of multiple cytoplasmic and nuclear Fe-S proteins dramatically declined upon induction of expression of a dominant negative mutant of the cytosolic isoform of the main scaffold ISCU1 (ISCU1 D46A (57, 58) . On the basis of our data, we propose that C-HSC20 functions as a crucial intermediary between the portion of the core Fe-S biogenesis machinery that localizes to the cytosol of mammalian cells (C-ISC), the CIA targeting complex and recipient Fe-S proteins. Our data suggest that the CIA targeting complex functions in Fe-S transfer when it is incorporated in a 720 kDa complex which contains ISC components that are tethered by dimerization of HSC20 to a second HSC20 that binds CIAO1 through its LYR motif (Fig. 6, steps 3 to 4b ). Molecular details of how components of the ISC and CIA machineries coordinate their functions within the 720 kDa complex to efficiently transfer Fe-S clusters to recipient proteins remain to be investigated.
Nuclear genome instability has been linked to defects in Fe-S cluster biogenesis since 2009 (62) . In the study from Veatch and colleagues, nuclear genome instability was proposed to occur because of a defect in mitochondrial Fe-S cluster biogenesis. The dependence on mitochondrial biogenesis was based on genetic studies conducted in yeast, which proposed that assembly of Fe-S clusters for nuclear proteins, while primarily taking place in the cytoplasm, depends on the mitochondrial Fe-S biogenesis machinery for the synthesis of a sulfur-containing compound that is exported to the cytosol by the ABC transporter Atm1 (ABCB7 in human) and utilized by the CIA machinery for Fe-S cluster assembly (16) . However, the indirect evidence that suggested that Atm1 exports Fe-S clusters from mitochondria should be analyzed with caution. The yeast strain lacking Atm1 had low levels of activity of the cytosolic Fe-S protein Leu1, which is part of the leucine biosynthetic pathway of yeast (16) . Selective inactivation of Atm1 was achieved by using a plasmid that reintroduced functional Leu2 into a Leu2-null strain. It is now known that when Leu biosynthesis is low due to defects in either Leu1 or Leu2, the regulatory gene Leu3 upregulates the transcription of genes encoding both Leu1 and Leu2 to correct for Leu deficiency (63) . Thus, transcript levels of Leu1 were extremely high in the Leu2-deficient strain that expressed normal Atm1 (63) , and Leu1 enzymatic activity was accordingly high. Higher Leu1 activity in the Atm1-sufficient cells was interpreted to mean that Atm1 exports the Fe-S cluster that is incorporated into cytosolic Leu1. However, when yeast strains were re-examined with matching Leu2 genes, Leu1 activity was not influenced by Atm1 overexpression or depletion (63) . Therefore, the conclusions on the basis of the use of the Leu2-null/Atm1-null strain should be interpreted with caution. The human ortholog of yeast Atm1 is the ATP-binding cassette transporter ABCB7. Mutations in ABCB7 cause sideroblastic anemia with ataxia in human and the gene was shown to be essential for hematopoiesis in conditional KO mouse models of Abcb7 (64, 65) . KD of ABCB7 in cell culture models was shown to cause mitochondrial iron overload and decreased mitochondrial (ACO2) and cytosolic (ACO1) aconitase activities (ACO2 was 50% of control and ACO1 was 40% of control) (66), consistent with results obtained in yeast upon depletion of Atm1 (67).
The effect of mitochondrial dysfunction on genome instability, rather than being caused by the impaired export of the sulfur compound for biogenesis of Fe-S proteins involved in DNA processing in the cytosol, can reasonably be explained by the fact that several enzymes of the metabolic pathways responsible for the biosynthesis of cytosolic ribo-and deoxyribonucleotides are located in mitochondria and the rate limiting steps of these processes are known to be affected by mitochondrial function (68) . Importantly, C-NFS1 is a functional sulfur mobilizing enzyme (26, 50) , a notion that questions the need for the export of a sulfur containing compound out of mitochondria.
Fe-S proteins are present in all subcellular compartments of eukaryotic cells, where they perform essential functions. Despite a high degree of sequence homology of the ISC Figure 6 . Proposed model of the biogenesis of Fe-S clusters in the cytosol of mammalian cells. 1. De novo biogenesis of Fe-S clusters occurs in the cytosol of mammalian cells upon the main scaffold protein ISCU1 by the concerted action of a multimeric complex, which consists of the cytosolic cysteine desulfurase NFS1 and the accessory protein LYRM4 (model on the basis of the recently solved crystal structure of the eukaryotic complex, which identified also the ACP, as part of the complex (11)).
2. The HSC20/HSPA9 cochaperone/chaperone system interacts with ISCU1 to facilitate cluster transfer to multiple recipients. 3. The functional unit of HSC20 is a dimer, as impairing HSC20 dimerization abrogates the network of interactions necessary for cytosolic Fe-S cluster biogenesis. 4a. A subset of recipient Fe-S proteins acquire their clusters directly from the HSC20/HSPA9/ISCU1 complex, as their biogenesis is independent from the CIA targeting complex. 4b. Binding of HSC20 to the LYR motif of CIAO1 recruits the CIA targeting complex, which is known to form a platform to which Fe-S recipients involved in DNA metabolism dock to acquire their clusters prior to their translocation to the nucleus (5). The Fe-S proteins shown in the model were all identified as C-HSC20 interacting partners in our studies (i.e. NUBP2, GLRX3, CIAPIN1, ABCE1, ERCC2, POLD1, PRIM2, PPAT, ELP3, CPSF30, DDX11, etc.).
components from bacteria to human, and common basic molecular pathways for Fe-S biogenesis, increased biological complexity in multicellular organisms evolved with a corresponding demand for more elaborate mechanisms of transcriptional/translational control, along with a greater diversity in the multisubunit complexes that facilitate Fe-S cluster assembly in different compartments. Alternative isoforms sorted to different subcellular compartments provide a control mechanism to regulate similar biological processes in different cellular sites (69, 70) . Importantly, alternative isoforms of the components of the ISC machinery that operates in mitochondria, including the cysteine desulfurase NFS1 and its interacting partner ISD11, the main scaffold ISCU, the secondary carrier NFU and the cochaperone HSC20, have been identified in the cytosolic and nuclear compartments of mammalian cells (14, 15, (20) (21) (22) (23) (24) (25) , suggesting that Fe-S cluster biogenesis machineries may independently operate in parallel to generate nascent Fe-S clusters in multiple subcellular compartments of multicellular eukaryotes. The inherent reactivity of Fe-S clusters toward a variety of redoxactive species makes them irreplaceable cofactors in several crucial enzymes, but it is also the cause of their vulnerability. Any of the reactions in which Fe-S cluster cofactors are involved may result in a change in the redox state of the cluster, cluster conversion or even complete cluster loss. It seems therefore rather intuitive that the Fe-S assembly pathway may have evolved as a compartmentalized process, which assures that Fe-S clusters are chaperoned and tethered to recipient proteins or to intermediate carriers throughout their biogenesis process. Here, we demonstrated that the cytosolic Fe-S assembly pathway is functional and that it is required for biogenesis of cytoplasmic and nuclear Fe-S proteins. Fe-S clusters are essential cofactors in enzymes involved in all aspects of DNA processing (71) . In addition to providing insights into fundamental aspects of Fe-S protein assembly, our studies may have implications for understanding the molecular basis of diseases associated with genome instability (39) (40) (41) , and of the increasing number of human diseases caused by defects in the Fe-S biogenesis factors (9, 35, 72, 73) .
Materials and Methods

Contact for reagent and resource sharing
Correspondence and requests for materials should be addressed to and will be fulfilled by Tracey A. Rouault (rouault@mail.nih. gov).
Cell lines and cell culture conditions HEK293, HEK293T and HeLa cells were purchased from ATCC. Cells were propagated in Dulbecco's modified Eagle's medium (DMEM) with 4.5 g/l glucose, supplemented with 10% fetal bovine serum (FBS) and 2 mM glutamine at 37 C and 5% CO 2 in a humidified incubator. HSC20-knockout cell clones were propagated in DMEM with 4.5 g/l glucose supplemented with 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate, 50 lg/ml uridine. All cell lines were subjected to mycoplasma testing.
Method Details
Plasmids and transfection of human cells The stable cell line expressing CIAO1-V5 was generated by cloning the CIAO1 ORF into pLENTI6.2/V5-DEST (Invitrogen). The ViraPower Lentiviral Expression System (Invitrogen) was used to produce viral particles harboring CIAO1-V5 under the control of a CMV promoter, according to the manufacturer's instructions. Briefly, pLENTI6.2/CIAO1-V5 was cotransfected with the ViraPower Packaging Mix into HEK293T cells. The lentiviral stock collected 36 h after cotransfection was used to transduce HeLa cells. Stable clones were established after 6 days of selection with blasticidin. Expression levels of CIAO1-V5 were assessed by western blot.
Stable cell lines expressing the CIAO1-V5 mutated versions in which the L 176 Y 177 R 178 motif or one or more of the other three LYR-like sequences (IWK, IWR or SWK) were replaced by alanines were generated by introducing point mutations into pLENTI6.2/CIAO1-V5 using the QuikChange II site-directed mutagenesis kit (Agilent Technologies), followed by packaging of the viral particles and transduction of the mutated CIAO1 genes into HeLa cells. Stable clones were established after 6 days of selection with blasticidin. Expression levels of CIAO1-V5 mutated proteins were assessed by western blot. 
Si-RNA transfection of human cells
CRISPR knockout
For the knockout of HSC20, 1.5Â10 5 HeLa cells in 24-well were transfected with 50 nM of the trans-activating CRISPR RNA (tracrRNA): human HSCB CRISPR RNA (crRNA) and 1 lg/well of Cas9 expression plasmid (Edit-R hCMV-PuroR-Cas9 Expression Plasmid, Dharmacon) using Dharmafect Duo Transfection Reagent (Dharmacon). As a negative control, cells were cotransfected with a nontargeting crRNA (NT crRNA, U-007501, Dharmacon) and 1 lg/well of Cas9 expression plasmid. We used the guide sequence CCTGCAGCGCTCGGCACTGT to target exon 1 of human HSCB gene (exon target list: NM_172002). Forty-eight hours after transfection, cells were passed, and puromycin selection was started 24 h later. Cells were incubated in selection medium for additional 4 days. Purified genomic DNA from single cell colonies was analyzed with the mismatch detection assay SURVEYOR Mutation Detection kit (Integrated DNA Technologies) for identification of indels in the cell populations.
The following primers were used to generate the 625 bp PCR amplicons of the HSC20 gene that were subjected to Surveyor Nuclease S digestion at 42 C for 30 min:
PCR products of wild-type and mutated DNA were hybridized, allowing individual DNA strands to reassort. Incubation with the Surveyor nuclease cleaved the resulting base mismatches in the cell populations that had undergone editing. The digestion products were electrophoresed; cleavage products of 397 and 228 bp were only seen in the HSC20-KO cell clones.
After Sanger sequencing, the cell clones which had undergone editing were analyzed for HSC20 expression by western blot.
Cell fractionation, IP and MS
Whole cell lysates were prepared in lysis buffer I: 25 mM Tris, 0.15 M NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Nonidet P-40, 5% glycerol (pH 7.4), protease and phosphatase inhibitor cocktail with no EDTA (Roche).
Cytosolic fractions were isolated from HeLa, HEK293 or stable cell lines after permeabilization with a buffer containing 0.1% digitonin in 210 mM mannitol, 20 mM sucrose and 4 mM HEPES. The supernatants after the first centrifugation step at 700g for 5 min were subjected to 20 000g for 15 min. The supernatants after the second centrifugation step were saved as cytosolic (soluble) fractions.
IPs were done on cytosolic fractions from HEK293, HeLa or the stable cell lines, as indicated. Anti-FLAG IPs were performed using M2-FLAG beads (Sigma). Washed FLAG M2 beads were added to the lysate and incubated for 2 h at room temperature. Beads were recovered after extensive washing, and proteins were eluted with Tris-Glycine pH 2.8 (elution buffer, EB), or for the native elution, protein complexes were competitively eluted with 100 lg/ml 3xFLAG peptide (Sigma). Anti-V5 IPs were performed using V5 agarose beads (Sigma). Anti-MYC IPs were performed using MYC agarose beads prepared by covalently coupling anti-MYC antibody produced in mouse (SigmaAldrich) onto an amine-reactive resin (Pierce Co-IP kit, Cat. No. 26149), following the manufacturer's instructions. IP of endogenous HSC20 was done by covalently coupling anti-HSC20 antibody produced in rabbit (Sigma-Aldrich) onto an amine-reactive resin (Pierce Co-IP kit, Cat. No. 26149), following the manufacturer's instructions. IP with antirabbit IgG was used as negative control. Lysates from cytosolic fractions were incubated with the beads overnight at 4 C, and then washed extensively with lysis buffer I. Bound proteins were eluted with Tris-Glycine pH 2.8 for 10 min at 4 C. Aliquots corresponding to 10-15% of cytosolic lysates were run alongside the IP fractions onto the gels as inputs. IP of endogenous NFS1 was done by covalently coupling anti-NFS1 antibody produced in mouse (Santa Cruz Biotechnology) onto an amine-reactive resin (Pierce Co-IP kit, Cat. No. 26149), following the manufacturer's instructions. IP with antimouse IgG was used as negative control. Lysates from cytosolic fractions were incubated with the beads overnight at 4 C, and then washed extensively with lysis buffer I. Bound proteins were eluted with Tris-Glycine pH 2.8 for 10 min at 4 C.
Aliquots corresponding to 10-15% of cytosolic lysates were run alongside the IP fractions onto the gels as inputs. For MS analysis, three biological replicates of the eluates after IP of endogenous HSC20 or NFS1 on cytosolic extracts were independently precipitated using trichloroacetic acid (TCA), washed with acetone, air-dried and analyzed by liquid chromatography (LC)/MS at the Taplin MS facility (Harvard Medical School). Only proteins that specifically copurified with C-HSC20 in the IPs with antirabbit HSC20 antibody or with C-NFS1 in the IPs with antimouse NFS1 antibody and not in the negative controls (antirabbit or antimouse IgGs, respectively) were considered for further analysis. Briefly, TCA precipitates were digested in 100 ll of 50 mM ammonium bicarbonate with $2 ng/ll of trypsin overnight. Peptides were then extracted by removing the ammonium bicarbonate solution, followed by one wash with a solution containing 50% acetonitrile and 1% formic acid. The extracts were then dried in a speed-vac, reconstituted in 5-10 ll of high-performance liquid chromatography (HPLC) solvent A (2.5% acetonitrile and 0.1% formic acid), and loaded into a nano-scale reverse-phase HPLC capillary column via a Famos auto sampler (LC Packings, San Francisco, CA). A gradient was formed and peptides were eluted with increasing concentrations of solvent B (97.5% acetonitrile and 0.1% formic acid). As peptides eluted they were subjected to electrospray ionization and then entered into an LTQ Velos ion-trap mass spectrometer (ThermoFisher, San Jose, CA). Peptides were detected, isolated and fragmented to produce a tandem mass spectrum of specific fragment ions for each peptide. Peptide sequences (and hence protein identities) were determined by matching the H. sapiens Uniprot database with the acquired fragmentation pattern by the software program, Sequest (Thermo Fisher Scientific) (74) . Databases included a reversed version of all the sequences, and consensus identification lists were generated with FDRs of 1% at protein and peptide levels.
In vitro coupled transcription/translation and pull down assay of 35 
S-labeled proteins
The TNT Quick Coupled Transcription/Translation system (Promega), which couples transcription/translation reactions for in vitro synthesis of eukaryotic proteins starting with plasmid DNA as a template (1 lg of DNA/reaction), was used to synthesize S-labeled V5-tagged proteins (CIAO1-V5 wild-type or mutants) were done in the presence of the 35 S-labeled FLAG/MYC-tagged HSC20. Binding was performed in buffer I2 (25 mM Tris-HCl; 300 mM NaCl; 1 mM EDTA; 1% Nonidet P-40; 1% dithiothreitol; 1 mM PMSF; 5% glycerol) at room temperature for 3 h, using anti-V5 antibody (Sigma) covalently bound to beads to immunoprecipitate CIAO1-V5 tagged proteins. The presence of coeluted HSC20-FLAG/MYC was analyzed by SDS-PAGE and autoradiogram. Aliquots corresponding to 20-30% of the inputs were run on the gel for comparison.
Native PAGE (BN-PAGE) and native immunoblots
The NativePAGE Novex Bis-Tris gel system (Thermo Fisher Scientific) was used for the analysis of native cytosolic protein complexes, with the following modifications: only the Light Blue Cathode Buffer was used; 20 lg of cytosolic protein extracts were loaded/well; the electrophoresis was performed at 150 V for 1 h and 250 V for 2 h. For the native IB, PVDF was used as the blotting membrane. The transfer was performed at 25 V for 3 h at 4 C. After transfer, the membrane was washed with 8% acetic acid for 20 min to fix the proteins, and then rinsed with water before air-drying. The dried membrane was washed five to six times with methanol (to remove residual Coomassie Blue G-250), rinsed with water and then blocked for 2 h at room temperature in 5% milk, before incubating with the desired antibodies diluted in 2.5% milk overnight at 4 C. To avoid strip and reprobing of the same membrane, which might cause detection of signals from the previous IBs, samples were loaded and run in replicates on adjacent wells of the same gel, and probed independently with different antibodies.
Two-dimensional native/SDS-PAGE
Two-dimensional native/SDS-PAGE was performed by resolving the cytosolic protein complexes in the first dimension, by BN-PAGE. Each lane of the gel was excised, equilibrated in SDS buffer supplemented with reducing agent, and then immersed in the alkylating solution for 15 min, before quenching for additional 15 min. For the second dimension, the gel strip was fixed horizontally onto the NuPAGE 4-12% Bis-Tris Zoom Gel (Thermo Fisher Scientific), and classical SDS immunoblots were performed.
DPYD activity
The DPYD activity was determined by thin layer chromatography (TLC), following a previously described protocol (38) , with the following modifications. Cell lysates containing 150 lg of proteins isolated from control, KD or KO cell lines, as specified in the main text and figure legends, were applied to 50 ll of a reaction mix containing 25 mM Tris-HCl (pH 7.5), 0.1% digitonin, 2.5 mM MgCl 2 , 2 mM DTT, 10 lM [4-14C]-thymine (0.1 mCi/ml, Moravek Inc., CA, USA), 10 mM NADPH. After 4 h of incubation at 32 C, the reaction was stopped by addition of 10 ll of perchloric acid (10%, v/v). Reaction mixtures were centrifuged at 20 000g for 5 min and the supernatants analyzed by TLC.
Iron incorporation assay
The 55 Fe incorporation assays were performed essentially as previously described (15, 54) , with minor modifications. Cells were grown in the presence of 1 lM 55 Fe-Tf for 5-7 days.
Cytosolic extracts were subjected to IP with anti-FLAG to immunocapture POLD1-FLAG. Anti-MYC IPs were performed to immunoprecipitate ISCU1-MYC wild-type or the D46A mutant, and anti-V5 IPs were carried out to isolate NUBP2-V5. Samples collected after competitive elution (with 3X FLAG, MYC or V5 peptides) were run on a native gel, followed by autoradiogram. Alternatively, 55 Fe incorporation into NUBP2-V5 was measured by scintillation counting of V5-beads after immunoabsorption of NUBP2-V5, followed by extensive washings with buffer I. The background, corresponding to 55 Fe measurements of eluates after anti-V5 IPs on cytosolic extracts from cells transfected with the empty vector was subtracted from each reading.
Immunoblots
Antibodies in these studies were as following: Anti-CIAO1 (sc-374498), NFS1 (sc-81107) and DPYD (sc-376681) were from Santa Cruz Biotechnology. Anti-NUBP1 (NBP1-92204) and NUBP2 (NBP1-84533) were from Novus Biologicals. Anti-FAM96B (ab166607), POLD1 (ab10362), ELP3 (ab190907), ERCC2 (ab54676), FASN (ab128870), MOCS3 (ab154107) and CIAPIN1 (ab57551) were from Abcam. Anti-V5 (V8137), HSPA9 (HPA000898), HSCB (HPA018447), tubulin (T9026) and b-actin (A2228) were from Sigma. Anti-MMS19 (16015-1-AP), POLD1 (15646-1-AP), CIAPIN1 (12638-1-AP), GLRX3 (11254-1-AP) and URM1 (15285-1-AP) were from Proteintech. Anti-PPAT (PA5-12333) was from Thermo Scientific. Anti-GLRX3 (H00010539-M01) was from Abnova. Anti-NFS1 and ISCU rabbit polyclonal sera were raised against synthetic peptide fragments, as previously reported (22) (23) (24) .
Statistical analyses
Where applicable, data were expressed as the mean 6 standard error of the mean (SEM). Pairwise comparisons between two groups were analyzed using the unpaired Student's t-test.
Densitometry of band intensities
Where applicable, quantification of band intensities was performed using ImageJ.
Supplementary Material
Supplementary Material is available at HMG online.
